molybdenum cap onto its cylindrical walls. During the welding process, the molybdenum capsule must be treated carefully to prevent cracking because the metal is extremely brittle. Initially, the assembly is preheated to red heat for several minutes. This degasses the join where the weld is made and releases volatiles from pore space in the molybdenum. After welding, the capsule is cooled slowly under a broad electron beam to anneal the weld. During cooling, an observation of the weld at 800-900 K is made to ensure that it is free from cracks. The welded target is finally heated to 1673 K in a muffle furnace for about I hour under I arm of nitrogen. This step premelts the sample so that it wets the sides of the container and ensures that the capsule is completely sealed; at this stage the sample will leak out if any cracks are present in the weld. In addition, it is important that the molten sample be free from bubbles because the path of the shock wave should be uninterrupted.
Sample containers crosssectioned after this heating procedure contained clear, bubble-free glass.
Silicate Sample
Several criteria were used to choose the sample material: (1) The sample should be of geological or geophysical relevance. (2) Because the presence of bubbles would interfere with travel of the shock wave through the sample, the viscosity must be low enough that bubbles will rise buoyantly to the top of the container during the premelting procedure. If the sample viscosity is <•100 P, bubbles >50 #m in diameter should be unable to remain suspended for longer than ---5 min. (3) The molybdenum sample container undergoes oxidation at a rate strongly dependent on its temperature under the vacuum conditions in the impact tank (--•100 •m Hg), so the melting temperature of the silicate sample must be relatively low. Otherwise, oxides are ejected from the hot molybdenum and deposited on nearby unheated or cooler surfaces. These deposits can interfere with the optical path to the recording camera. In addition, the higher the temperature of the sample container, the more strain is placed on ceramic pieces that hold it in place.
The composition chosen for the experiments described in this paper is that of the 1-arm eutectic in the system anorthite-diopside. This composition satisfies the criteria of low melting point (1547 K, [Bowen, 1915] and low viscosity (---30 P at 1673 K [Bottinga and Weill, 19721) . The ideal chemical composition of the sample (64 mol % CaMgSi206; 36 mol % CaA12Si208) is given in Table 1 Table 1 and agrees well with the ideal composition. The glass sample is removed from the Pt crucible with a diamond core drill. It is then ground to fit into the molybdenum container and welded as described above.
Experimental Method
A shock wave is generated in the sample by impact of a metal flyer plate embedded in a lexan projectile. The pressure and density in the high-pressure shocked state are determined by application of the Rankine-Hugoniot conservation equations: 
Here, P0s, the 1-arm density of the molten sample, is calculated using the measured temperature and the partial molar volumes of the constituent oxides given by Stebbins et al. [1984] . Uss and Ups are the shock and particle velocities in the molten silicate; these are determined from shock transit time through the sample and the measured projectile velocity. Measured quantities for this experiment are sample shock transit time and projectile velocity from •vhich Uss and Ups are calculated and the initial sample temperature from •vhich /)os is determined. The projectile is launched from a 40-mm bore propellant gun described by Ahrens et al. [1971] . The front portion of the sample capsule serves as the shock driver plate (Figure 1 ). This target is mounted in a Zircar fibrous alumina ceramic plate (type ZAL-45) and suspended in the impact tank (Figure 2 ).
Heating and Sample Geometry
Heating is accomplished by a •vater-cooled copper induction coil po•vered by a 10-kW Lepel radio frequency generator (model T-10-3-KC-N-W). The 10-kW maximum output of the generator is ample to heat the molybdenum sample assembly. For example, the energy required to heat In a standard equation of state experiment, the streak camera shutter is opened before the firing circuit of the gun is completed. Completion of the firing circuit requires that both the camera shutter be held open and the propellant gun be fired within 1-2 s. In this experiment the camera shutter is opened by a solenoid 2 ms after the gun firing mechanism is activated. This is necessary because light from the hot, radiating sample would otherwise fog the film and obscure the streak record. Although the light intensity from the radiating sample is far lower than from the single 100-/zs duration xenon flash, the film can be overwritten several thousand times in the 1-2 s delay between opening the shutter and turning the firing key. A single sweep of the film in the streak camera occurs in •250 Table 2 because it gives a velocity closest to the target. As discussed above, the first method, although more precise for a given time interval, needs to be corrected for slowing during the last meter of projectile travel and provides a backup measure of projectile velocity. If a slowing correction is made, the two measurements are usually in good agreement.
Capsule Equation of State
In a standard equation of state experiment the shock velocity is calculated directly from the transit time through the sample. Using the measured projectile velocity, the shock pressure and particle velocity can then be derived Table 3 .
Impedance Matching
We developed an iterative impedance matching proeedure for determining the shock velocity and particle velocity of the sample from measurements of the projectile velocity and the total shock transit time through the molten silicate sample plus the Mo cover plate. The propagation of errors was calculated following the method of Jackson and Ahrens [1979] .
To start the procedure, we assume that the shock state in the molybdenum cover plate is the same as that in the molybdenum driver plate. The sample shock velocity ( for Ups. This is shown graphically in Figure 7 for a molybdenum flyer and driver, giving state S1. As shown in Table 2 , flyer plates other than Mo were used in our experiments; the actual impedance match solutions for the particle velocities UpD and Ups (i.e., analogous to Equations (7) and (8) In the procedure described above, the particle velocity of the reflected shock wave in the silicate was assumed to be linear with pressure. We have also considered the possibility of a nonlinear relationship. After fitting our data in the shock velocity-particle velocity plane with an equation of the same form as Equation (7), we used the tainties, demonstrating that our results are not sensitive to different approximations to the form of the molten silicate reflected Hugoniot.
Results
The results of shock wave experiments on molten An0.a6Di0.64 are given in Table 2 GPa. Thus we get a similar bulk modulus using either the linear shock velocity-particle velocity relation (Equation (12) 
Shock Temperatures
Temperatures as a function of volume along both the Hugoniot and the isentrope centered at the preshock pressure and temperature can also be estimated with the MieGruneisen equation of state. In this case,
TH-Ts V (PH-Ps)
where T H and T s are temperatures along the Hugoniot and isentrope, respectively, and C v is the specific heat at constant volume. The temperature along the isentrope is given by We do not know for certain the answers to these questions. However, every line of reasoning that we have followed strongly suggests that at least up to 25 GPa, our shock experiments on the model basaltic composition are yielding insights into the relaxed equation of state of metastable liquid. The very stiff material encountered above 25 GPa in our experiments is of special interest, and possible explanations for it are discussed below.
The most convincing evidence that we are studying relaxed liquid states is the fact that the 1-arm bulk modulus that we obtain from fitting our data to a BirchMurnaghan isentrope is essentially identical to the value based on measurements of ultrasonic velocities by Rivers [1985] . According to Rivers [1985] , the unrelaxed bulk modulus should be about a factor of 5 higher than the relaxed value. We acknowledge that the use of a BirchMurnaghan equation is arbitrary, but as discussed above, similar results are obtained if the raw Hugoniot data are fit to a linear shock velocity-particle velocity relation tRigden et al. At first glance, it may seem a little surprising that silicate melts could relax on the time scale of a shock experiment. As discussed below, the high densities achieved in our experiments probably indicate that structural changes occur in the melt (e.g., increasing coordination of A1 and Si by oxygen) with increasing pressure, so our conclusion that One way that we can imagine the opportunity for crystallization to be maximized in shock wave experiments is if melt and crystal become very close to each other in structure and composition; under these conditions, the nucleation and growth rates might be strongly enhanced. As we discuss below, the approach of the shock wave densities that we measure at the highest pressures to the densities of mixtures of dense oxides could indicate that the difference in packing between melt and solid at pressures above 25 GPa is small. If so, crystallization may be more likely in the highest-pressure experiments. There is one final observation that supports the conclusion that at less than 30 GPa, crystallization probably did not occur in our experiments. In Figure 9 , we plot the calculated solid Hugoniot states of a mixture of initially cold anorthite (which enters a mixed phase above 7 GPa) and diopside (which remains in this low-pressure phase to 60 GPa). The mixture has a lower density than the Hugoniot states of our initially molten sample over most of the pressure range we have studied. If these theoretical solid Hugoniot states, which were obtained by summing the specific volumes along the experimentally determined Hugoniots of crystalline anorthite and diopside, are reasonable approximations to the densities of a crystalline mixture of this composition, the fact that the Hugoniot of the initially molten sample exceeds that of the equivalent solid, Vassiliou and Ahrens [1981] strongly suggests that the high densities that we observe in our experiments are the result of structural changes in the liquid and not the result of crystallization. The discrepancy between our measurements and the equivalent solid Hugoniot is actually even more extreme than appears in Figure 9 , since the calculated solid Hugoniot is centered at 300 K rather than at 1673 K, the initial temperature of our experiments; the high-temperature Hugoniot would be at lower densities than the one shown in Figure 9 . Although this line of reasoning supports our conclusion that crystallization probably did not occur in most Our measurements of density are not sufficient to specify the structural changes that occur in silicate melts in response to increasing pressure, but they can be used to test or constrain models of these microscopic changes. One possibility, based on analogy with phase changes observed in crystalline silicates [e.g., Waft, 1975] , on studies of solidliquid phase equilibria [Boettcher et al., 1982 [Boettcher et al., , 1984 , on spectroscopic studies of glasses quenched from high pressures [Ohtani et al., 1985] We emphasize that the correspondence between the melt densities observed by us at high pressures and the densities of equivalent solids with octahedrally coordinated An important aspect of this picture is that the change in oxygen packing from the expanded low-pressure tetrahedral network to a collapsed configuration that can be described in terms of oxygen octahedra is continuous and displacive; it might thus be difficult to preserve octahedrally coordinated states on quenching. In other words, the structure might readily "spring back" into tetrahedral coordination as pressure is released. There are thus two factors tha• can account for the fact that octahedral coordination of Si has not been observed at room pressure in glasses quenched from the high pressures required to permanently densify a glass. The first factor is the likely difficulty of pressure quenching a continuous transformation of this sort. The second is that only after the chains are substantially compressed, and then only when the Si(A1) begin to form bonds with the oxygen atoms of the adjacent tetrahedra, will spectroscopic observations detect this continuous transforma•tion. Spectroscopic studies conducted in situ on samples at high pressures should, at high enough compressions, eventually detect octahedral coordination growing in at the expense of tetrahedral coordination, and the transformation is expected to be continuous and reversible. We note that there are many potentially important aspects of the accordionlike collapse illustrated in Figure 12 that we have not considered. For example, (1) the bonding of the silicate chain to other cations (e.g., Mg, Ca) and We emphasize that Figure 12 and its description are highly idealized. We want only to illustrate that the kinds of distortions in the tetrahedral aluminosilicate network (e.g., decreases in Si-O-Si angles) that are believed to dominate melt and glass compressions at low (0-3 GPa) pressures can lead continuously to higher coordination numbers. The transformation to higher coordinations may, in addition, be difficult to quench and to detect spectroscopically in situ at high pressures unless the compression is substantial. Although we think that compression of aluminosilicate polymers via this accordionlike distortion would result in densities consistent with our results, we feel that further consideration of this specific mechanism should await the results of spectroscopic studies of melts and glasses at high pressures.
Conclusions
We have carried out shock wave experiments on a molten silicate to determine its density at elevated pressure. Although calculated shock temperatures may lie below those expected for the liquidus of this composition over the pressure range of these experiments, crystallization is not thought to have occurred. Rather, it is believed that continuous compression of the melt structure occurs with increases in pressure until a dense, high-pressure structure is reached. Achievement of this high-pressure structure could explain the significant stiffening of this material at pressures in excess of ø•50Pa. The expected density of a melt structure in which A1 and Si are nearly entirely in octahedral coordination is similar to the values measured in our highest-pressure experiments; although our data are consistent with major A1 and Si coordination changes occurring during compression of melts to high pressures, we cannot discriminate between this and other possible structural arrangements, including entirely tetrahedral ones, that might achieve similar densities at high pressures.
